Quantum dots (QDs)-polymer composites were fabricated based on a solution of QDs dispersed in an ionic liquid. Positively charged water-soluble nanocrystals were properties of the QDs dispersed in toluene, and medium size QDs (2.6 nm) resulted in the highest quantum yields.
Introduction
Semiconductor nanocrystals presenting size-dependent optical properties arising from their quantum confinement have attracted great interest in recent years. In particular, incorporating quantum dots (QDs) into polymeric matrices has been the subject of intense research efforts. These organic-inorganic composites are promising materials for new generations of optical 1 , nonlinear optical 2,3 , electronic devices 4,5 and biological labels 6, 7 . One of the challenges involved in the synthesis of these materials is the inherent incompatibility of the quantum dots with the polymer matrix, which is responsible for aggregation of the nanoparticles, loss of transparency of the composite, and quenching of the embedded quantum dot fluorescence. Several methods have already being described to overcome this problem. A number of studies described the direct synthesis of quantum dots inside a polymer matrix and the nonlinear optical properties of the resulting films. Du et al. 8 synthesized CdS nanocrystals inside a sulfonated polystyrene matrix. The SO 3 -ions formed within the matrix provided sites for the growth of CdSe quantum dots, which were obtained by aggregation of cadmium ions and subsequent reaction with S 2-ions supplied by thioacetamide. They observed that the nonlinear refractive index of the composite decreased as the input irradiance increased.
Similarly, significant work was performed on the synthesis of quantum dots inside Nafion films by ion-exchange. He et al. 3 measured the two-photon absorption coefficient and the optical Kerr coefficient in CdS-Nafion composites synthesized by soaking Nafion membranes in an aqueous solution of cadmium acetate followed by hydrogen sulfide gas treatment. They noticed that the quantum dots were mostly located near the surfaces of the resulting hybrid films. Similarly, Wang et al. demonstrated large third-order nonlinearities in CdS-Nafion films.
Quantum dot-polymer composites may also be produced by polymerizing polymer monomers mixed with pre-synthesized quantum dots. Lee et al. 9 demonstrated the fabrication of quantum dot-poly(laurylmethacrylate) composites by mixing TOP (TriOctylPhosphine) covered CdSe/ZnS with a laurylmethacrylate monomer, followed by polymerization of the resulting solution. They were able to build a light-emitting device based on their resulting material. Another approach consisted of using ligands possessing a moiety similar to the matrix monomer. Most of the approaches described above involve complex synthesis of polymerizable surfactants or ligands, or pre-processing steps like sulfonation of the polymer matrix.
Moreover, no study has been reported so far which depicts a convenient synthetic route for producing flexible polymer-quantum dot-bulk composites or self-standing films, which may lead to the manufacture of flexible electronic components, optical and nonlinear optical devices, etc.
In this chapter, we describe an alternative method for incorporating quantum dots into a polymer matrix, which utilizes the extraction of positively charged water soluble nanocrystals into a hydrophobic ionic liquid by cation transfer 16, 17 as cross-linker were purchased from Sigma-Aldrich. 1-hexyl-3-methyl imidazolium bis(trifluoromethane sulfonyl)imide (HMITFSI) (Figure 4 .1) was purchased from EMD Chemicals. The deionized water used was from an 18-MΩ Barnstead Nanopure water system. All the chemicals were used without further purification. 
Preparation of Water-Soluble CdSe/ZnS Quantum Dots.
Water-soluble CdSe/ZnS QDs were obtained by adding methanolic solutions of 2-dimethylaminoethanethiol (DAET) to 1mL of the initial solutions of QDs dispersed in toluene, until the nanocrystals flocculated. 2M, 1M and 0.5M DAET methanolic solutions were respectively added to the light green, green, and orange emitting QDs toluene solutions. As soon as the particles flocculated, 1mL of deionized water was added to the solutions, resulting in a two-phase system with the water phase below the toluene phase. After stirring and decanting, the QDs were extracted into the water phase.
Extraction of the CdSe/ZnS QDs into HMITFSI.
The water-soluble CdSe/ZnS QDs were further extracted into HMITFSI by mixing each hydrophilic QDs solution to an equivalent volume of the hydrophobic ionic liquid. After stirring and decanting, CdSe/ZnS were transferred into the ionic liquid by cation exchange 16, 17 . The resulting solutions were heated in a vacuum oven at 70ºC for 30 min to eliminate any remaining traces of water and methanol, which led to the formation of transparent solutions.
Synthesis of the PMMA-HMITFSI/CdSe/ZnS Composites.
The HMITFSI/QD solutions were mixed with methylmethacrylate with a 4:7 molar ratio of HMITFSI/QD to monomer for the rigid composites and a 6:5 molar ratio of HMITFSI/QDs to monomer for the flexible ones. 0.4 mol% AIBN and 2 mol% EGDMA were further added, and the resulting solutions transferred into 5mL glass vials and 30mm×2mm squared glass tubes and polymerized in an air oven for 20 min at 90ºC, followed by 8h at 65ºC. Transparent composites resulted.
Characterization.
Fluorescence measurements of all solutions and composites were performed with a Hitachi-F-4500 spectrofluorimeter. UV-vis absorption spectra were recorded with a The difference in refractive index of the different solutions was taken into account, and care was taken to ensure reproducible instrumental conditions. The quantum yields were determined from the following formula for the solutions and composites involving the green emitting QDs: exchange with DAET, and in the ionic liquid for an excitation wavelength of 450 nm. It was observed that the shape of the emission spectra of the QDs transferred into water was similar to the shape of the emission spectra of the QDs dispersed in toluene, as previously described for the transfer of QDs from chloroform to water by capping exchange 20 . Both emission spectra exhibited narrow full width at half maximum (FWHM) (Table 4. 2), and quantum size effect for all three color emitting QDs. The size distribution of the nanocrystals dispersed in water thus remained nearly similar to the size distribution of the QDs dispersed in toluene.
Small blue shifts of the absorbance spectra of the three colors emitting QDs were noticed. This was similar to the results of Wuister et al. 20 who observed a significant blue shift for water-soluble CdTe QDs capped with aminoethanethiol. They explained this shift by a redistribution of the electronic density and increase in the confinement energy of the QDs attributed to the stronger Cd-thiol bond when compared to the Cd-amine bond.
The reduced blue shift in our results may be attributed to the protecting ZnS shell present on the surface of the CdSe/ZnS QDs, which may diminish the difference in strength between the two types of bonds.
Although thiol capping was previously observed to quench the fluorescence of CdSe quantum dots 21 , the ZnS shell present on the surface of the CdSe/ZnS QDs protected the CdSe core from trapping of the photogenerated hole on the thiol groups, which has been shown to hinder the radiative recombination of the exciton 21 . Likewise, Hines et al. 22 observed that CdSe/ZnS QDs did not undergo fluorescence quenching when the TOPO ligands of the QDs were replaced by pyridine, which usually quenches the fluorescence of CdSe QDs. The fluorescence of the CdSe/ZnS QDs was thus well preserved, and high quantum yields were obtained for the light green and green-emitting QDs dispersed in water (see Table 4 .1). The difference in quantum yields between the three different color emitting QDs, and the significantly lower quantum yield of the orange emitting QDs may be explained by a disparity in the quality of the QDs surfaces.
The growth of QDs usually occurs through Ostwald ripening where larger particles are built through the consumption of monomer released by the dissolution of smaller particles [23] [24] [25] . The largest or smallest nanocrystals present more surface defects acting as traps for photogenerated carriers 26 than medium size ones, which may be explained by a difference in the growth kinetics of the different fractions of nanocrystals. The nanoparticles having an average growth rate close to zero present the lowest number of surface defects, while nanoparticles with a positive growth rate (larger sizes) or nanoparticles with a negative growth rate (smaller sizes) possess surfaces with numerous defects 24, 25 . The same authors found that the best core-shell nanocrystals were prepared from the best core nanocrystals, thus it may be assumed that the CdSe/ZnS QDs used in this study present surface qualities determined from their growth rate, similarly to their corresponding core QDs. The defects present on the surface of QDs are mostly dangling bonds and crystal defects, which are hindering the direct recombination of the electrons into the valence band after they have been excited across the bandgap and into the conduction band by a photon flux. The decaying of some of the recombination electrons will induce a reduction in the photon flux emitted. The lower quantum yield of the orange emitting QDs dispersed in water was coupled with a narrowing of the fwhm of their emission spectrum. The FWHM was 37 nm for QDs dispersed in toluene, while it was 30 nm for QDs dispersed in water.
No noticeable change could be detected in the shape of the emission and absorbance spectra of the light green and green emitting QDs once they were transferred in HMITFSI suggesting that the cation exchange process from water to HMITFSI did not affect their surface quality or their size dispersion. The FWHM remained the same for the three different color emitting QDs. A blue shift was observed in the emission spectra of the orange emitting QDs dispersed in HMITFSI when compared to their emission spectra in water (Table 4 .2). This difference was ascribed to the better stability of the thiol groups in the ionic liquid than in water, rendering the Cd-thiol chemical bond stronger in the ionic liquid, which leads to an increase in the confinement energy of the QDs as previously mentioned. The increased stability of the thiol groups in the ionic liquid may be explained by the absence of hydration of the thiolate anions, which has been shown to be responsible for their dissociation from the QDs in an aqueous environment. 16, 27 It was observed that aqueous solutions of light green and green emitting The improved stability of the thiol groups in the ionic liquid also accounted for the increased quantum yields of the QDs dispersed in HMITFSI when compared to the QDs dispersed in water (Table 4 .1). A 46% and 65% increase in quantum yield was observed for the green and light green QDs respectively. The quantum yield of the orange emitting QDs dispersed in HMITFSI was more than two times higher than the quantum yield of the orange emitting QDs dispersed in water. This may be explained by an increased instability of the thiol groups attached to the surface of the orange emitting
QDs dispersed in water after ligand exchange, attributed to the decreased surface quality of the larger size QDs as previously described. The instability of the thiol group induces some aggregation of the QDs, which in turn leads to an increased absorbance. As the quantum yield is determined from the ratio of the amount of photons emitted by a sample to the ratio of the amount of photons absorbed by a sample, an increased amount of photon absorbed will lead to a reduced ratio, and a reduced quantum yield. The solutions of QDs dispersed in HMITFSI were produced by cation-exchange with freshly produced 
Conclusions
In summary, we have described a convenient method for fabricating rigid or flexible polymer-quantum dot composites. These hybrid materials were synthesized by extracting positively charged CdSe/ZnS quantum dots into a hydrophobic ionic liquid, which was used as a compatible medium for the polymerization and cross-linking of PMMA networks. We obtained transparent and fluorescent composites, which may be used in new types of electronic or optical devices and applications. The composites fabricated presented quantum yields, which depended on the initial properties of the QDs.
The highest quantum yields were obtained for composites fabricated with medium size (green emitting) quantum dots. Our method may be extended to any compatible radical polymer-ionic liquid system, as well as potentially to other compatible polymer-ionic liquid systems, where the cross-linking of the polymer may be initiated by external physical means such as UV exposure. (9) Lee, J., Sundar V. C., Heine, J. R.,Bawendi, M. G., and Jensen, K. F. Advanced
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